Many arachidonic acid metabolites function in growth signaling for epithelial cells, and we previously reported the expression of the major arachidonic acid enzymes in human breast cancer cell lines. To evaluate the role of the 5-lipoxygenase (5-LO) pathway on breast cancer growth regulation, we exposed cells to insulinlike growth factor-1 or transferrin, which increased the levels of the 5-LO metabolite, 5(S)-hydrooxyeicosa-6E,8C,11Z,14Z-tetraenoic acid (5-HETE), by radioimmunoassay and high-performance liquid chromatography. Addition of 5-HETE to breast cancer cells resulted in growth stimulation, whereas selective biochemical inhibitors of 5-LO reduced the levels of 5-HETE and related metabolites. Application of 5-LO or 5-LO activating protein-directed inhibitors, but not a cyclooxygenase inhibitor, reduced growth, increased apoptosis, down-regulated bcl-2, up-regulated bax, and increased G1 arrest. Exposure of breast cancer cells to a 5-LO inhibitor up-regulated peroxisome proliferatoractivated receptor (PPAR)α and PPARγ expression, and these same cells were growth inhibited when exposed to relevant PPAR agonists. These results suggest that disruption of the 5-LO signaling pathway mediates growth arrest and apoptosis in breast cancer cells. Additional experiments suggest that this involves the interplay of several factors, including the loss of growth stimulation by 5-LO products, the induction of PPARγ, and the potential activation of PPARγ by interactions with shunted endoperoxides.
In vitro apoptosis analysis
The cells were exposed in vitro to enzyme inhibitors in eight-well cytochambers at cell and drug concentrations comparable to those used in the growth assays. The cells were washed in PBS, fixed in 95% ethanol, and stored frozen until analyzed. In some experiments, cytospins were used instead of cytochambers. The cell lines were analyzed for the presence of apoptosis by using the TUNEL ApopTag in situ apoptosis detection kit (Oncor, Gaithersburg, MD), following the manufacturer's instructions. The number of apoptotic cells was counted in sets of 100 cells for each experimental well, and the percentage of apoptotic cells was determined.
Alternatively, the presence of apoptosis was analyzed using 4,6-diamidino-2-phenylindole (DAPI) staining. The cells were fixed with 3.7% paraformaldehyde in PBS for 10 min at room temperature. Fixed cells were washed twice with PBS, and DAPI (Sigma Chemicals) was added (final concentration 1 µg/ml) for 10 min at room temperature. The cells were washed two more times with PBS and were analyzed via fluorescence microscopy.
In parallel, immunocytochemical analysis using antibodies for Bcl-2 and Ba (Santa Cruz Biotechnology, Santa Cruz, CA), two proteins whose expression changes during apoptosis, was performed using a Zymed Histostain kit (Zymed Laboratories, San Francisco, CA).
Western blot analysis
MCF-7 cells were grown as described for the growth studies and incubated with 4 µM NDGA or 2 µM MK 886 for different time periods. Cells were washed in PBS and lysed. Equal amounts of protein were subjected to electrophoresis on 12% polyacrylamide gels and transferred to nitrocellulose membranes (Schleicher & Schuell, Keene, NH) by electroblotting. Blots were blocked with TNN buffer containing 5% nonfat dried milk and probed with anti-Bcl-2 and antiBax antibodies. After washing, the blots were incubated in a horseradish peroxidase-conjugated secondary antibody (Amersham, Arlington Heights, IL). Specific protein bands were visualized with an enhanced chemiluminescence detection system (Amersham, Arlington Heights, IL).
Cell cycle analysis
MB-231 and MCF-7 cells were treated with inhibitors for 24 h. Cells were harvested and fixed in 70% ethanol at 4°C for 30 min. For FACS analysis, the fixed cells were incubated with 1 ml of PBS containing 50 µg/ml each of RNase A (Sigma Chemicals) and the DNA intercalating dye propidium iodide (Sigma Chemicals) at 4°C for 1 h. The stained cells were analyzed by flow cytometry (FACSCaliber, Becton Dickinson, NC). The percentages of cells in G1, S, and G2-M phases were determined using the ModFit program. The experiment was repeated twice.
In vivo apoptosis analysis
MCF-7 tumor cells (10 7 /mouse) were subcutaneously injected into the flanks of athymic nu/nu Balb/c mice, and a palpable mass formed after 7 days. Treatment began on day 7 and consisted of three groups of five mice each. One group of five mice was given MK 591, initial dose 2.5 mg/day s.c., for the first week. This dose was reduced threefold for the remainder of the study due to skin toxicity. A second group of mice was given 0.1% NDGA in their drinking water ad libitum; the third group (placebo group) received 0.1 cc of PBS (s.c.) daily. The duration of the study was 4 weeks, and the tumors were measured biweekly. For apoptosis quantitation, tumors from each of the groups were harvested, fixed in 10% buffered formalin for 24 h, and embedded in paraffin. Tissue sections were analyzed for the presence of apoptosis by using the ApopTag in situ apoptosis detection kit. The number of apoptotic cells was counted in 10 microscopic fields (40× magnification) of each case.
Polymerase chain reaction (PCR)-based mRNA analyses for PPAR
Cells were grown for 24 or 48 h in the presence or absence of inhibitors at 5 µM concentration. RNA was isolated using the Trizol method (Life Technologies, Gaithersburg, MD), and reverse transcriptase (RT)-PCR was performed using specific primers for PPAR and actin genes. Forward (F) and reverse (R) primers used to detect PPAR cDNAs were PPARα-F (5'-GGCCTCAGGCTATCATTAC-3'), PPARα-R (5'-CCATTTCCATACGCTACC-3'), PPARγ-F (5'-TTCAAACACATCACCCCCC-3'), and PPARγ-R (5'-TTGCCAAGTCGCTGTCATC-3').
The ethidium bromide stained image was digitized and the optical density calculated using the NIH Image program. Values were normalized with the actin value obtained with commercially available primers (Clontech, Palo Alto, CA). These experiments were repeated three times.
Northern blot analysis
After treatment for the indicated time points, cells were washed with PBS and total RNA was extracted using the RNeasy Mini Kit (QUIAGEN, Valencia, CA). Ten µg of RNA were loaded per lane, run in 1% agarose gels containing 2.2 M formaldehyde, blotted by capillarity onto nitrocellulose membranes (Schleicher & Schuell, Keene, NH), and baked for 2 h at 80°C. Equal loading and integrity of RNA were monitored by ethidium bromide staining.
The human PPARγ cDNA probe (Cayman Chemicals, Ann Arbor, MI) was labeled with [α-32 P]dCTP (3000 Ci/mmol; NEN Life Science Products, Boston, MA) by random priming. Unincorporated label was removed by Probe Quant G-50 Micro Columns (Amersham Pharmacia Biotech, Piscataway, NJ). Hybridization was carried out overnight at 42°C in Hybrisol 1 (Intergen, Purchase, NY). After stringency washes, blots were exposed to XAR film.
Statistical evaluation
Significance of difference between samples was determined using Student's t test. P < 0.05 was regarded as significant.
RESULTS

Production of 5-HETE in response to growth factors
5-LO rapidly metabolizes AA to hydroperoxy-eicosatetraenoic acid, which is subsequently metabolized to 5-HETE and its derivatives. To demonstrate the presence of bioactive 5-LO enzyme in breast tumor cells, we utilized a specific RIA for 5-HETE. In each of four representative breast cancer cell lines, stimulation with IGF-1 or TF increased the production of 5-HETE two-to fourfold above control levels (Fig. 1) . In three of the four cell lines, the IGF-1-induced production of 5-HETE was greater than the levels of 5-HETE induced by TF.
Effect of 5(S)-HETE on breast tumor cell growth
To assess the relevance of 5-LO activity on breast cancer, we evaluated the growth effect of exogenous exposure to 5(S)-HETE on breast tumor cells under serum-free conditions. The data summarized in Table 1 demonstrate that the exogenous addition of 5(S)-HETE increased tumor cell proliferation 25-45% above control in four out of five cell lines tested. Other derivatives of the 5-LO pathway such as 5(R)-HETE, 5(±)-HETE, or 5oxoETE had no significant proliferative effect on the cell lines at the concentrations we tested. The most responsive cell line, ZR-75, was also evaluated for growth in response to exposure to leukotriene (LT)D 4 , and concentrations of 1 nM and 10 nM increased cell growth 25% over control. In contrast, no significant growth stimulatory effects were observed with other AA metabolites, including LTB 4 , 12(S)-HETE, or 15(S)-HETE under the same experimental conditions (data not shown).
Biochemical inhibition of AA metabolism
The activity of 5-LO can be blocked in a variety of ways by using defined biochemical inhibitors. Because the FLAP-directed inhibitors are consistently potent and have a more specific mechanism of action, we evaluated the biochemical effect of MK 886 in detail. For these experiments, the AA metabolites generated by IGF-1 stimulation of the cell line MCF-7 were evaluated with or without pre-exposure to MK 886 (Fig. 2) . In the absence of the inhibitor (Fig. 2, open bars) , those metabolites derived from 5-LO activity were increased 5-to 30-fold, relative to control values after exposure to IGF-1. Oxidation products from other LOs, such as 12-and 15-HETEs and their metabolites, were elevated 5-to 12-fold compared with control. In these experiments, the COX products (thromboxanes and prostaglandins) were also elevated approximately 12-and 21-fold, respectively. This pattern changed upon exposure to MK 886. As shown in Figure 2 (solid bars), MK 886 exposure resulted in shunting of endoperoxide metabolites to alternate pathways as well as stabilization of the parent 5-LO metabolite, 5(S)-hydroperoxyoxyeicosa-6E,8C,11Z,14Z-tetraenoic acid (5-HPETE), relative to cells exposed to IGF-1 alone. However, the 5-LO downstream oxidation products (including 5-HETE and its metabolites) were reduced to below baseline levels. In addition, after exposure to MK 886, the potent LTD 4 oxidation products were reduced from 30-fold elevation over controls to about 3-fold. LTD 4 oxidation products were also reduced from 6-fold elevation to below control levels. It is of interest to note that for both LTC 4 and LTB 4 as with 5-HPETE, the first metabolite in each of these pathways is modestly increased after treatment with MK 886, which we attribute to stabilization of the transient species. In contrast, 15-LO products were elevated from 6-to 13-fold (15-HPETE), from 11-to 24-fold (15-HETE and its metabolites), and from 5-to 8-fold (lipoxin A4, a tri HETE). In addition, production of prostanoids was elevated from 21-to 34-fold by the inhibitors, indicating a diversion from the 5-LO pathway to the other metabolic pathways.
Effect of 5-LO inhibitors on tumor cell growth
To determine the biological effect of AA metabolic pathway inhibitors on breast cancer cell line growth, we analyzed the effect of several different inhibitors by using a proliferation assay. Table 2 summarizes the average percent growth inhibition for each compound evaluated. We observed significant growth inhibition compared with vehicle control with both FLAP inhibitors. The specificity of this effect was suggested by 5-HETE add-back growth assays in which the growth inhibitor effect of the FLAP inhibitors could be neutralized if 5-HETE was added back within 12 h of drug exposure (Fig. 3) . Our analyses also revealed a significant, potent, and reproducible growth inhibition with 5 µM NDGA on all cell lines tested. With the direct 5-LO enzymatic inhibitors, AA861 and Zileutin, we observed more modest growth inhibition in two of five and three of four cell lines, respectively ( Table 2 ). The drug concentration (10 µM) required for these growth inhibitors was higher than with the other LO inhibitors. For comparative analysis, the contribution of the COX pathway for breast cancer was evaluated in the presence of ASA. As summarized in Table 2 , the breast cancer cell lines were not significantly growth inhibited even by the addition of high doses (100 µM) of ASA.
Evidence of apoptosis in vitro
To test the hypothesis that an apoptotic pathway was involved in response to the LO-inhibitors, we examined breast cancer cell lines in vitro after exposure to two inhibitors. To further examine the role of LO inhibitors in inducing apoptosis, we evaluated the expression of bcl-2 in MCF-7 cells as shown in Figure 6 . These cells have been reported to express high levels of bcl-2 (25) . Using immunocytochemical analysis, we observed down-regulation of bcl-2 in MCF-7 cells treated with a FLAP inhibitor (MK 886) compared with untreated cells in which bcl-2 expression is clearly observed (Fig. 6A, B ). In addition, bax expression was induced by exposure of the breast cancer cells to MK 886 compared with untreated cells (Fig. 6C, D) . To confirm this observation, we examined the levels of bcl-2 and bax by Western blot analysis after treatment of the cell line MCF-7 with NDGA and a FLAP inhibitor. As shown in Figure 6E , treatment of MCF-7 with the inhibitors resulted in a decrease of bcl-2 and a concomitant increase in bax immunoreactivity. These results were comparable whether either of the FLAP inhibitors, MK 886 or MK 591, is used.
Studying the cell cycle status of MB-231 and MCF-7 cells, as shown in Table 3 , provided additional evaluation of the mechanism of apoptosis. For the cell line MB-231, treatment with both 4 µM NDGA and 2 µM MK 886 resulted in an increase in cells found in G1 compared with untreated cells. There was also a statistically significant decrease in the number of cells found in S and G2/M phase for these dose concentrations. In cell line MCF-7, treatment with the two inhibitors had less impact, and the observed changes did not reach statistical significance.
Evidence for induction of apoptosis and tumor reduction in vivo
To confirm the role of LO inhibitors as inducers of apoptosis in vitro, we utilized an in vivo model system. Athymic nu/nu mice bearing heterotransplants of the breast cancer cell line MCF-7 were administered the LO inhibitor NDGA, the FLAP inhibitor MK 591, or a placebo. The tumor xenografts were harvested and examined for the presence of apoptosis-induced oligonucleosomes. Figure 7A shows that in both groups of mice treated with either NDGA or MK 591, there was a significant difference in the number of cells with apoptotic nuclei between the treated and the placebo group (P<0.05). This finding correlated with a statistically significant reduction in tumor size in the group of mice that were given NDGA (Fig. 7B) . The flank tumor size was an average of 765 ± 142 mm 3 for the NDGA treated group and was 2394 ± 591mm 3 for the placebo group (P<0.05). In the mice receiving MK 591, there was close to a 50% reduction in tumor size compared with placebo, but this difference did not achieve statistical significance (P>0.05). However, the dose of MK 591 had to be reduced by 66% after the first week of drug administration because of unexpected cutaneous ulceration at the injection site. This skin condition resolved spontaneously with dose reduction.
PPAR induction
In light of recent reports regarding the mechanistic basis of the antiproliferative effect of the FLAP inhibitor (26), we explored alternative mechanisms for the growth effects on 5-LO inhibition. We noted a large increase in 15-HETE production in response to the exposure to MK 886 (Fig. 2) , and 15-HETE has been proposed to be a ligand for PPARγ (27) . When we exposed the breast tumor cell line ZR-75 to 5 µMK 886 or NDGA for 24 and 48 h, an up-regulation of both PPARα and PPARγ expression occurred. The biggest increase could be observed after a 48-h exposure with both inhibitors (Fig. 8A-D) .
Effect of PPAR ligands on breast tumor cell growth
To further evaluate the possible involvement of PPAR in the growth regulation of breast cancer cell lines, we tested a range of selective PPAR agonists for their effect on breast cancer cell lines. This panel included ligands for PPARα (WY-14643, clofibrate, fenofibrate) and PPARγ (LY 171883). When breast cancer cell lines T47D and ZR-75 were incubated with each of the four PPAR ligands, a dose-dependent growth reduction was observed with all the compounds for both cell lines compared with vehicle control (Fig. 8E, F) . At the higher doses, growth inhibition ranging from 60 to 80% were observed.
Interaction of PPAR effects on breast cancer cell growth
Because the induction of PPARs occurs promptly with exposure to 5-LO inhibitors, we explored further to determine whether that could be involved in the breast cancer cell growth regulation. From the Northern blot analysis (Fig. 9A) , induction of PPARγ is evident within 6 h of exposure of T47D cells to the most potent 5-LO inhibitor, MK886. This finding is confirmed by semiquantitative RT-PCR for PPARγ (Fig. 9B) , but in these experiments, the induction of PPARγ is more protracted. We next asked whether the up-regulation of PPARγ could be contributing to the growth inhibition of the T47D cells. In Figure 9C , the filled circles represent cells exposed sequentially for 12 h to 5 µM MK886 and then for 24 h to 4 µM LY 171883, PPARγ ligand. The sequential exposure to the FLAP inhibitor followed by the PPARγ ligand is associated with significantly more growth inhibition than exposure to the ligand alone or the FLAP inhibitor alone for the same amount of time (Fig. 9C) . Under the same experimental conditions, we evaluated the impact of the sequential exposure of these drugs on apoptosis (Fig.  9D) . The sequential drug exposure over 36 h was more potent than comparable exposure to MK-886 alone. Over this same time course, exposure of the breast cancer cells to 4 µM LY 171883 had no effect on increasing apoptosis (data not shown). These experiments suggest that the consequences of endoperoxide shunting (Fig. 2) can generate products capable of interacting with the upregulated PPARγ and have significant growth effects potentially through enhanced apoptosis.
DISCUSSION
We are interested in mediators that function as survival factors, because this may be a central mechanism of carcinogenesis and therefore constitute a critical target for effective chemoprevention. Exogenously added IGF-1 and TF increased the endogenous production of 5-HETE and its derivatives in breast tumor cell lines. The exogenous addition of 5(S)-HETE and the cysteinyl leukotrienes was consistently growth stimulatory to breast cancer cells cultured under serum-free conditions. The extent of growth stimulatory effects was modest (20-45%) but comparable to a magnitude of growth stimulation with other important cancer cell growth mediators (28) . Previously, we demonstrated that a panel of breast cancer cell lines, including all of the lines used in this report, express the message for both 5-LO and FLAP (22) . Collectively, these results support the hypothesis that a product of the 5-LO enzyme can stimulate breast cancer cell growth. HPLC analysis confirmed that exposure of breast cancer cells to IGF-1 increases the production of the relevant AA metabolites in MCF-7 cell cultures. The greatest increases were seen for the major 5-LO metabolic pathways, resulting in production of 5-HETE, LTC 4 , and their metabolites. The individual effects of specific metabolites have been documented in this and other studies. LXA 4 , a tri-hydroxyETE formed by joint activity of 5-and 15-LO, has previously been shown to interact with specific G protein-coupled receptors on cell surfaces (29) . The finding of increased levels of LTC 4 is significant because this metabolite is an activator of protein kinase C γ (PKCγ) (30) and PKCγ is involved in the regulation of cell proliferation (31) (32) (33) . These findings taken collectively support the notion that 5-LO products released in response to growth factors may regulate cellular proliferation in cancer.
In response to IGF-1 exposure in the presence of a FLAP inhibitor, MK 886, eicosanoid metabolism was significantly altered. Whereas parent compounds (LTC 4 and LTB 4 ) in the 5-LO pathway accumulated under these conditions, their subsequent metabolic products were at baseline levels and significantly decreased (about 7-to 10-fold). These findings may have several interpretations. For example, the interplay between the various metabolites may account for some of the effects observed in response to IGF-1. A previous study suggests structural similarity between FLAP and LTC 4 synthase and that the FLAP inhibitor MK 886 can inhibit LTC 4 synthase (34). In addition, the elevated concentration of the parent compounds may be attributable to accumulation due to the inhibition of their usual metabolizing enzymes, or by stabilization of these transient compounds by the conjugated ring structures of the drug. Potentially more important, the downstream 5-LO metabolites were greatly reduced due to diversion of the metabolic products from 5-LO to other LO (12-LO and 15-LO metabolites) and COX pathways, similar to previous reports in other cell systems (15, 24) . Many complex interactions may be occurring, which are especially relevant with the endoperoxide shunting of substrate to other AA metabolic pathways (35) .
We used biochemical inhibitors in this study, because these would be the most obvious tools for clinical evaluation of strategies directed at modulating the 5-LO pathway. Molecular approaches to study gene families, including many closely conserved gene family members, have been confounded by the complexity of this system (36, 37 ). An unresolved issue in this regard is how to distinguish the effect of molecularly engineered loss of specific enzyme function from the secondary changes in substrate availability or utilization (37) . Most of what is known about the effects of AA metabolites relates to their functions in inflammation rather than in cancer systems, but this inflammatory biology may also be relevant to carcinogenesis (38) (39) (40) (41) .
In this study, the consistent in vitro consequence of inhibition of 5-LO was increased apoptosis and corresponding growth inhibition. In contrast, the COX inhibitor, ASA, did not inhibit breast cancer cell line growth, even at high concentrations of up to 100 µM. This is consistent with previous reports on other epithelial systems (42) (43) (44) (45) . We recently reported a discrepancy with COX inhibitors between in vitro and in vivo effects in oropharyngeal cancer. This finding suggests that COX inhibitors function through an interaction between epithelial and immune cells that is not reflected in simple in vitro assays (45) ; therefore, the current report does not preclude an important contribution of COX activity to breast carcinogenesis.
A valid concern about this work is the question about the specificity of drug effect with all of the 5-LO inhibitors but in particular with NDGA. NDGA has previously been shown to inhibit carcinogenesis in other systems (46, 47) , but NDGA also disrupts a number of iron-dependent AA metabolic pathways (48). To address this specificity concern, we evaluated several biochemical inhibitors that act through different mechanisms. The FLAP inhibitors MK 886 and MK 591 were potent inhibitors (<5 µM concentrations of the drug). These inhibitors have been reported to interfere with the presentation of 5-LO at the nuclear envelope. Our data demonstrate that these drugs effectively induced cell cycle arrest in G1 and apoptosis in breast cancer cells consistent with a previous report involving megakaryoblastic leukemia (49) . Because all the different types of 5-LO inhibitors affected growth inhibition and apoptosis, this result supports involvement of 5-LO in this biology.
Multiple mechanisms can induce apoptosis (50) , including modulation of the LO pathways in a rat Walker (W256) carcinosarcoma cells system (51) . Inhibitors of 5-LO reactions may act through several mechanisms, including redox interactions (48). This information suggested the importance of evaluating the bcl-2/bax relationship, because these genes are involved with regulation of redox pathways (52) . Some proto oncogenes (e.g., bcl-2 and bcl-x L ) of the bcl-2 family suppress apoptosis induced by various oxidative processes (53, 54) . The gene for bcl-2 is overexpressed in 70% of breast cancers and has been postulated to play a role in breast cancer development (55) . We observed, using immunocytochemistry and Western blot analysis, that bcl-2 expression is down-regulated after exposure to LO inhibitors. These findings correlated with a reduction of tumor growth.
Induction of differentiation and apoptosis in cancer cells can also occur through the action of other oxidation products of AA. PPARα and PPARγ are novel nuclear hormone receptors activated by long-chain fatty acids and synthetic ligands, which regulate lipid metabolism and have been shown to be expressed in breast cancer cells (56) . Mueller et al. showed that ligand activation of PPARγ in cultured breast cancer cells causes extensive lipid accumulation; changes in breast epithelial gene expression associated with a more differentiated, less malignant state; and a reduction in growth rate and clonogenic capacity of the cells (56) . In our experiments, doses of LO inhibitors that result in apoptosis and growth inhibition also induce regulation of both PPARα and PPARγ. To evaluate the validity of this response, we examined the effect of specific PPAR agonists on relevant breast cancer cell lines and observed dose-dependent growth inhibition similar to that observed for the 5-LO inhibitors. These data suggest that interrupting the 5-LO pathway may also activate the PPAR transcriptional pathway. Activation of PPARγ through a synthetic ligand, troglitazone, and other PPARγ activators causes inhibition of proliferation and apoptosis both in vitro and in vivo, concomitant with a reduction of bcl-2 protein expression (57) . The importance of PPAR activation, including PPARδ, contributing to epithelial carcinogenesis is evident in other tumor systems (58) (59) (60) (61) .
To further explore alternative mechanisms for the growth effects of pharmacological inhibition of 5-LO activity, we conducted additional experiments to explore the impact on the PPARγ pathway at time points before evidence of increased apoptosis. After exposure of the breast tumor cell line T47D to 5 µm MK 886, PPARγ was up-regulated by 6 h, as revealed by both Northern and PCR. A range of selective PPAR agonists demonstrated growth inhibition in 4-day assays. This panel included ligands for PPARα (WY-14643, clofibrate, fenofibrate) and PPARγ (LY 171883). To evaluate if the PPARγ up-regulation was contributing to the earlier growth inhibitory effect of the 5-LO inhibitors, we exposed T47D cells for 12 h to MK 886. After washing the cells, we incubated them with the PPARγ ligand, LY171883. This sequential drug exposure was significantly more antiproliferative and apoptotic then were the parallel exposures to either FLAP inhibitor or PPARγ ligand alone. Therefore, the enhanced inhibitory effect of sequential drug exposure may be due to the interaction of the PPARγ induction occurring in the face of increased production by endoperoxide shunting of alternative eicosanoid products capable of activating PPARγ.
Recently, there was a suggestion that drugs, such as MK 886, did not mediate their antiproliferative effects through FLAP (26) . The basis for this concern was due to the high doses of FLAP required for in vivo effects and the fact that a cell line without FLAP expression was none the less growth inhibited by these drugs. The case against the involvement of FLAP in mediating apoptosis may not be universally applicable, because there is a large body of data to the contrary. Biological studies in mice engineered to be FLAP deficient support a critical role for FLAP in the production of leukotrienes (41) . Although much higher drug doses with the FLAP inhibitors are required in vivo than would be expected from the effective in vitro dose, this same situation also occurs with celecoxib and is thought to relate to complex pharmacology and serum protein interactions rather than mechanistic infidelity (62, 63) . Recent reports expand the role of FLAP in the utilization of 12-HETE and 15-HETE (64) and in COX-2 regulation (65). In addition, other mechanisms for FLAP action have been recently proposed, including inhibition of LTC 4 synthase activity and K+ channels (66, 67) . This situation becomes even more complex in considering the implications of the PPAR activation. We have already noted the complexity of alternative substrate utilization by AA metabolizing enzymes. A range of AA substrates at critical concentrations could function as PPAR ligands, as suggested by Huang and co-workers (27) . The relatively nonselective nature of the PPAR receptors and the permissive requirement to activate transcriptional activation of PPAR response elements (68-70) present a new challenge in considering this biology as a target for growth regulation. Given the myriad effects of PPARs (71) (72) (73) and the difficulty in dissecting distinct fatty acid effects (37) , sorting out these issues with confidence will take considerable further study.
In summary, interference with 5-LO activity is associated with increased apoptosis and tumor growth inhibition in breast cancer cells. This may involve the interplay of loss of growth stimulation by 5-LO products and the potential recruitment of the inhibitory effect of PPARs, especially PPARγ. Further study allowing more precise delineation of the individual contribution of the AA metabolites is required, but the implications of extensive cross-talk and cross-activation as inherent aspects of this lipid biochemistry need to be considered in contemplating any future "specific" therapeutic intervention. Although these important and complicated issues are being addressed, we will focus on the impact of biochemical inhibitors on functional end points, such as modulation of apoptosis as the critical discriminant in guiding translational research in this area. The second column shows the 5(S)-HETE concentration that produced the maximum growth stimulation. The third column shows percent maximum growth (mean ± s.d.), which was calculated from the optical density value of a minimum of 6 replicates, from at least three differe1t experiments per cell line. *Percent growth proliferation compared to vehicle control (100 % growth) was statistically significant (P<0.05). A and C are untreated control cells; B and D were treated for 24 h with 2 µM MK 886, cytospins were performed, and the specimens were analyzed using a Zymed Histostain kit (A-D, magnification ×1600). Western blot analysis of the effect of LO inhibitors on levels of Bcl-2 and Bax protein (E). MCF-7 cells were treated with either 4 µM NDGA or 2 µM MK 886 for the time points indicated. Cell lysates were prepared, and equal amounts of protein were subjected to electrophoresis on 12% SDS-polyacrylamide gels and transferred to nitrocellulose membranes. Western blot analysis was performed using anti-Bcl-2 or anti-Bax antibodies using chemoluminescent detection. Nude mice were injected with (10 7 ) MCF-7 cells, and palpable tumors were formed after 1 wk. The mice were administered daily NDGA (p.o), MK 591 (s.c), or PBS (s.c) for days 7-28, and tumor volume was measured biweekly. At termination of the study, tumors were harvested and histological sections of the flank xenografts were analyzed for evidence of apoptosis using the TUNEL assay (A). Data represent the average ± SD of 10 microscopic fields counted. The difference in the number of apoptotic cells between the treated samples and controls was statistically significant for both drugs (*P<0.05). In vivo growth reduction (B): Tumor volume was measured biweekly, the mean value ± SD of five determinations are indicated for each group (*statistical significance, P<0.05). A) Northern blot analysis for PPARγ (1.8 Kb) of breast cancer cell line T47D treated with 5 µM MK 886 for 6, 12, and 24 h and untreated control. RNA was isolated as described in Materials and Methods, and 10 µM of total RNA was loaded per lane. Ethidium bromide staining of 28S rRNA was used to check for equal loading and RNA integrity (lower panel). B) RNA isolated from T47D cells treated with 5 µM MK 886 for different time periods was subjected to RT-PCR using specific primers for PPARγ. The PCR products were normalized to actin gene and 18S. PCR products were quantified by densitometry, and the data points presented are expressed as percent of control and represent mean and SE of three experiments. C) Proliferation analysis of breast cancer cells, T47D. All cells were incubated in the indicated concentrations of either LY171883 (stars) or MK886 (open and closed circles) for 12 h. The drug was removed, the cells were refeed with media and incubated for an additional 24 h, and the experiments were terminated. All values were determined by assessment of percent growth inhibition calculated from the optical density value, with a minimum of six replicates from at least three different experiments. The error bars indicate standard deviation. D) Parallel experiments were performed as described for C to evaluate the effects on apoptosis, as reflected by the early apoptosis marker M30 (Roche Molecular Biochemicals, Indianapolis, IN). Open bars represent apoptosis with treatment of MK 886 alone and filled bars represent sequential treatment with MK 886 and 4 µM LY 171883. Results are presented as percent apoptotic cells for two concentrations of MK 886.
